Understanding how cell adhesion proteins form adhesion domains is a key challenge in cell biology. Here, we use single-molecule atomic force microscopy (AFM) to demonstrate the force-induced formation and propagation of adhesion nanodomains in living fungal cells, focusing on the covalently anchored cell-wall protein Als5p from Candida albicans. We show that pulling on single adhesins with AFM tips terminated with specific antibodies triggers the formation of adhesion domains of 100-500 nm and that the forceinduced nanodomains propagate over the entire cell surface. Control experiments (with cells lacking Als5p, single-site mutation in the protein, bare tips, and tips modified with irrelevant antibodies) demonstrate that Als5p nanodomains result from protein redistribution triggered by force-induced conformational changes in the initially probed proteins, rather than from nonspecific cell-wall perturbations. Als5p remodeling is independent of cellular metabolic activity because heat-killed cells show the same behavior as live cells. Using AFM and fluorescence microscopy, we also find that nanodomains are formed within ∼30 min and migrate at a speed of ∼20 nm·min −1 , indicating that domain formation and propagation are slow, time-dependent processes. These results demonstrate that mechanical stimuli can trigger adhesion nanodomains in fungal cells and suggest that the force-induced clustering of adhesins may be a mechanism for activating cell adhesion.
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single-molecule techniques | microbial adhesion | glycoproteins | fungi C ell adhesion is a ubiquitous feature of living cells and plays essential roles in a variety of cellular processes, including neuronal interactions, cellular communication, inflammation, and microbial infection (1-5). A growing body of evidence indicates that, in mammalian cells, the early stage of adhesion involves the formation of adhesion domains (i.e., focal adhesion complexes) composed of aggregated proteins (6, 7) . A remarkable trait of adhesion domains is their ability to grow and strengthen under force (8) (9) (10) . Whether such force-dependent behavior also occurs with microbial adhesins is unknown.
Adhesins in the Candida albicans Als gene family bind the pathogen to host tissues and initiate biofilm formation (11, 12) . Als proteins are covalently attached to the cell wall and consist of an N-terminal Ig-like region, which initiates cell adhesion, followed by a threonine-rich region with an amyloid-forming sequence (T), a tandem repeat (TR) region that participates in cellcell aggregation, and a stalk region projecting the molecule away from the cell surface (Fig. 1A) (13) (14) (15) . Previous studies in C. albicans and in a Saccharomyces cerevisiae surface display model showed that Als5p-mediated adhesion involves a rapid cellto-ligand adhesion step, followed by slower cell-to-cell aggregation mediated by the T and TR regions (13, 15) . These kinetics suggest that, following adhesion to ligands, Als5p may undergo conformational changes that mediate cellular aggregation. Consistent with this, Rauceo et al. (16) found that, following adhesion of one region of the cell to fibronectin-coated beads, the entire surface of the cell became competent to mediate cell-cell aggregation. This led the authors to suggest a model for Als5p-mediated aggregation in which an adhesion-triggered change in the conformation of Als5p propagates around the cell surface, forming ordered adhesion domains. Whether single-molecule techniques can demonstrate the formation of Als5p adhesion domains in a live cell is the question that we address here.
Single-molecule atomic force microscopy (AFM) is a powerful tool for studying how proteins respond to mechanical forces (17) (18) (19) (20) (21) (22) . Stretching modular proteins such as titin (23) and tenascin (24) yields characteristic force signatures that reflect the forceinduced unfolding of secondary structures (α-helices, β-sheets). AFM imaging has also visualized force-induced conformational changes in membrane proteins such as bacteriorhodopsin and aquaporin (25, 26) . Yet, the use of single-molecule AFM to investigate the force-induced clustering of receptors in live cells has thus far not been documented. In this report, we demonstrate the triggering of Als5p adhesion nanodomains with force and their surface propagation across the entire cell. The results indicate that the adhesion function of Als5p is coupled to its local assembly within adhesion nanodomains, for which we propose the term "nanoadhesomes." Comparative genomics shows similar protein design in other fungal adhesins (14) , suggesting that clustering of cell adhesion proteins in response to mechanical stimuli may be a general mechanism for activating cell adhesion in eukaryotes.
Results
Dual Detection of Als5p Proteins in Live Cells. We analyzed single Als5p proteins on yeast cells that were never exposed to mechanical force. To this end, a V5 epitope tag was inserted at the Nterminal end of full-length Als5p proteins (Fig. 1A) to allow for specific detection with AFM tips terminated with anti-V5 antibodies (Fig. 1B) . Yeast cells expressing V5-tagged Als5p proteins were trapped into porous polymer membranes for in situ AFM analysis. Individual tagged proteins were detected by recording spatially resolved force curves on cell surfaces using an anti-V5 tip. As shown in Fig. 1C , 16% of the force curves featured adhesion force peaks. The corresponding adhesion force histogram displayed four maxima centered at 45 ± 15 piconewtons (pN), 98 ± 32 pN, 180 ± 12 pN, and 220 ± 20 pN. For two reasons, we attribute the ∼45 and ∼98 pN forces to the relatively weak binding of the anti-V5 antibody to the V5 epitope. First, similar forces were measured between an anti-V5 tip and a model surface functionalized with V5 epitopes (Fig. S1A) . Second, the specificity of the measured interaction was confirmed by showing a substantial reduction of adhesion frequency upon injection of free epitopes on both model surfaces (Fig. S1B ) and live cells (Fig. S2) .
Strikingly, force curves with large adhesion peaks (∼180 and ∼220 pN) showed profiles characteristic of Als5p binding to protein ligands (Fig. 1D, red curves) . Unlike the low-adhesion force curves (Fig. 1D , blue curves), these curves showed sawtooth patterns with multiple force peaks that we have previously reported as the sequential unfolding of the Als5p TR domains (22) . Because (i) we used a protocol for tip modification that favors single antibody interactions and (ii) the large adhesion peaks were essentially never seen on model surfaces modified with V5 epitopes ( Fig. S1 ), we attribute the large peaks to Als5p binding to protein ligands rather than to multiple antibody-epitope interactions. These observations lead us to conclude that the anti-V5 tip is capable of dual detection, i.e., molecular recognition of Als5p via the V5 epitope or strong multipoint attachment to ligands on the antibody (Fig. 1D , Insets).
Force-Induced Formation of Als5p Nanodomains. We next mapped the spatial arrangement of Als5p proteins. Adhesion force maps (32 × 32 force curves on 1 × 1-μm areas) obtained from wild-type cells ( Fig. 2A ) on which force was never applied revealed that the proteins were evenly distributed, without any clear evidence for clustering (Fig. 2B) . Remarkably, we found that recording a second force map on the same given target area of the cell surface ( Fig. 2C ) led to an increase of the total protein surface density from 172 ± 16 proteins/μm 2 (n = 6 maps of 1,024 data points recorded over 1 μm 2 ) to 268 ± 13 proteins/μm 2 ( Fig. 2E ). In addition, we observed that proteins in the second force map were no longer evenly distributed but formed clusters of 100-500 nm (Fig. 2C ). As shown in Fig. 2E , the fraction of clustered molecules increased from 8% to 61%. This dramatic change in spatial organization was reproducibly observed upon recording additional maps. We note that the adhesion force histograms corresponding to consecutive maps ( Fig. 2C) showed four maxima similar to those associated with primary maps (Fig. 1C) . ) from four maps of 1,024 data points (C) and representative force curves (D) obtained by recording spatially resolved force curves over 1 × 1-μm areas of the cell surface using anti-V5 tips. The anti-V5 tip is capable of dual detection: the blue curves show single weak adhesion peaks reflecting recognition of the V5-tag, and the red curves feature sawtooth patterns with multiple force peaks documenting the unfolding of the entire protein via Ig binding. All curves were obtained at 20°C using a loading rate of 10,000 pN·s −1 and an interaction time of 500 ms. Similar data were obtained using different tips and cells (10 tips, 6 cells). Als proteins expressed on S. cerevisiae exhibit the same activities as they do in C. albicans (13, 14) . We also observed that heat-killed cells showed the same behavior as live cells (Fig. 3 A-E) , the Als5p density in killed cells increasing from 153 ± 14 proteins/μm 2 (n = 4 maps of 1,024 data points recorded over 1 μm 2 ) to 244 ± 7 proteins/μm 2 when recording two consecutive force maps in the same area (Fig. 2E) . Because killed cells cannot increase surface expression of adhesins in response to the mechanical stimulus, we infer that the increase in active Als5p molecules and their clustering must be due to rearrangement of molecules already present on the cell surface. These results show that the force-induced clustering of Als5p is independent of cellular metabolic activity, consistent with the notion that Als5p-mediated aggregation does not involve metabolic activity (16) .
Our finding that the precise delivery of piconewton forces on the cell surface triggers the formation of Als5p nanodomains may be interpreted in two ways. An appealing explanation is that Als5p clustering results from protein redistribution triggered by force-induced conformational changes in the initially probed proteins. However, an alternative model may also be proposed in which the force applied by the tip perturbs the cell wall nonspecifically and changes the subsequent local force map, via, e.g., alteration of the carbohydrate surface layer. A series of control experiments were carried out to rule out the second model. First, we showed above that the anti-V5 tip interacts specifically with V5-tagged Als5p proteins ( Fig. S1 and Fig. S2 ) and is able to sequentially unfold the TR domains upon stretching (22) . Second, yeast cells lacking the V5-tagged Als5p proteins showed essentially no Als5p detection, and thus no clusters, even when consecutive maps were recorded (Fig. S3 A-C) . Third, recording two consecutive maps on cells expressing V5-tagged Als5p proteins using a bare tip or an irrelevant antibody (i.e., anti-lysozyme) did not induce clustering or an increase in protein density (Fig. S3 D-I) . Fourth, as we will see below, Als5p reorganization was abolished with a single-site mutation in the protein. Fifth, the Als5p reorganization is a slow, time- dependent process (see below for details). From these observations, we conclude that Als5p clustering results from protein redistribution triggered by force-induced conformational changes in the probed proteins. These data on live cells are reminiscent of those obtained on biomimetic model systems (9) . Applying piconewton lifting forces on two contacting fluid membranes with magnetic tweezers was shown to induce the migration of mobile integrins into the contact zone and, in turn, to increased adhesion. The authors suggest that such force-induced growth of adhesion domains could play a key role in signaling events leading to mechanosensing in living cells.
Time-Dependent Propagation of Als5p Nanodomains. Because adhesive activation of Als-expressing cells propagates around the cell surface (16), we asked whether the force-induced nanodomains can propagate across the surface by recording consecutive force maps on remote areas, i.e., areas localized several micrometers away from the first maps. Strikingly, we observed adhesion domains on remote areas (Fig. 2D ) that were very similar to those observed on target areas (Fig. 2C) . The same behavior was observed on many different remote areas, indicating that delivering piconewton forces on a target area eventually induces the formation of Als5p clusters across the entire cell surface.
What is the time required for protein reorganization? Because clusters were essentially never seen in primary maps (see map1 in Fig. 2 ), we postulated that nanodomain formation and propagation are rather slow processes. To further investigate this time dependency, cells were preactivated by force probing during increasing periods of time (Fig. 4) . Specifically, we recorded a sequence of small adhesion force maps on the same target areas (16 × 16 force curves on 500 × 500 nm for 12.5 min; see i, ii, and iii in Fig. 4 B, F , and J), followed by two consecutive "classical" maps (32 × 32 force curves on 1 × 1 μm for 50 min; see 1 and 1′ in Fig. 4 C, D, G, H, K, and L). Note that force curves in the small and large maps were recorded using the same approach and retraction rates and using the same lateral spacing between two curves. We found the following: (i) recording a single small map (Fig. 4B) was not sufficient to observe substantial clustering in a subsequent large map (Fig. 4C) , clustering being observed only in the next large map (Fig. 4D) ; (ii) recording two consecutive small maps (Fig. 4F , i and ii) was able to induce clustering in the upper left corner of the next consecutive large map, but not in the other corners (Fig. 4G) , revealing that 25 min of preactivation induces formation, but not propagation, of the clusters; and (iii) recording three small maps (Fig. 4J, i , ii, and iii) triggered the formation of Als5p clusters, but also their subsequent propagation because clusters were observed in the entire large map (Fig. 4K) and thus in regions that were never exposed to force. Because it takes 25 min to record the upper two corners of a large map, migration from the left to the right corner occurred within 25 min. These observations show that the formation of Als5p clusters in a 500 × 500-nm target area takes about 30 min (i.e., between 25 and 37.5 min). After the domains are formed, they propagate at a speed of ∼20 nm·min −1 (500 nm in 25 min), suggesting that propagation across the entire cell is reached within ∼6 h. Because activation kinetics from adhesion assays show faster activation (10-30 min) (16, 27) , we believe that the speed of propagation in vivo is due to activation at several points on the cell surface through interaction with beads or other cells. These results lead us to conclude that domain formation and propagation are two slow, time-dependent processes. We expect that, if clustering was due to some perturbation of the cell wall by probing, then it should happen quickly. Hence, our finding of the time requirement for reorganization provides direct evidence that this process results from force-induced conformational changes in the probed proteins.
As a complement, time-lapse confocal microscopy was used with the aim of visualizing the clustering and movement of Als5p domains on shear-activated aggregated cells after staining with the amyloid-specific dye thioflavin T (Fig. 5A) (13) . Consistent with AFM, adhesion domains (brightly fluorescent regions) were found to migrate (Fig. 5A, " A" arrows and Inset) and coalesce (Fig. 5A, " B" arrow and Inset) on the cell surface.
Als5p Clustering Is Abolished with the V326N Single-Site Mutation.
We finally analyzed the relationship between the structure of Als5p and its clustering and adhesive properties. Als5p and other yeast adhesion proteins have conserved amyloid-forming sequences, and self-propagating amyloid formation is important for formation of robust cellular aggregates (13, 14, 16) . The V326N single-site mutation in the amyloid-forming region of Als5p abrogates amyloid formation (13) . Cells expressing Als5p bound to BSA-coated beads under shear and formed large cellular aggregates, whereas Als5p V326N cells adhered similarly to the beads, but formed few aggregates (Fig. 5, Right panels) . Figure 3 F-J shows that Als5p clustering properties were almost completely abolished in the V326N mutant. The dynamic thioflavin T-staining regions were also absent from cells expressing the mutated protein (Fig. 5B) . The minimal fluorescence was short-lived compared with that on cells expressing wild-type Als5p, implying that the spots were not selfpropagating in cells expressing the V326N variant. These data show that clustering and propagation depend on a specific region of the Als5p protein.
Discussion
We have shown that the localized delivery of piconewton forces on living yeast cells triggers the formation and propagation of Als5p adhesion nanodomains. We suggest a two-step mechanism to explain the force-induced formation of such nanoadhesomes (Fig. 6 ). In the initial stage, stretching and unfolding of Als5p with the AFM tip extends conformations in which homologous hydrophobic interactions are favored. Fast hydrophobic interactions between extended tandem repeats would first promote Als5p self-associations and the recruitment of further neighboring proteins (15) . Next, slower interactions would take place between the stimulated proteins, such as amyloid interactions between threonine-rich regions, and then propagate across the entire surface. Such a model is consistent with our finding that clustering requires specific interactions with Als5p and that Val326 is essential for the process. An alternative model would be that remodeling of the cell-wall polysaccharide matrix creates mobile clusters of covalently attached Als5p molecules, even in heat-killed cells. It is difficult to reconcile such rearrangement with our current understanding of cell-wall structure in yeast (28) .
We also suggest that in nature C. albicans adhesion is governed by similar mechanisms. During the early stage of aggregation, local forces generated at cell-cell contacts could lead to the formation and propagation of Als domains that eventually strengthen cellular aggregation. Clustered Als5p proteins will resist larger forces than isolated proteins because of reduced diffusion of neighboring binding sites. The process in which Als5p adhesion domains strengthen yeast-yeast aggregation is reminiscent of events occurring in animal cells. A well-known example is the strong correlation between the cell adhesion activity of cadherins and their concentration within cell-cell adhesion sites (29) .
In conclusion, our results demonstrate the formation and propagation of Als5p adhesion nanodomains in response to mechanical stimuli. Because force-induced activation is a common biological phenomenon (8-10), our observations suggest that force-dependent adhesin clustering may be a general mechanism for activating cell adhesion. A detailed understanding of this phenomenon would offer exciting prospects in therapeutics, e.g., for developing antimicrobial strategies.
Methods
Microorganisms and Cultures. S. cerevisiae W3031B harboring plasmids pGK114 or pGK114V326N were grown on SC−trp plates. Mutant strain V326N was obtained by site-specific mutagenesis and was confirmed by sequencing, as will be described elsewhere (13) . Two or three colonies from the SC-trp plate used as inoculum were transferred into Sc-trp medium (1.7 g/L yeast extract without amino acids and without ammonium sulfate, 1.92 g/L yeast synthetic drop-out medium supplements without trp, 5 g/L ammonium sulfate, and 20 g/ L galactose). Cells were agitated at 30°C, grown overnight, and harvested by centrifugation. They were washed three times with sodium acetate buffer and resuspended in 10 mL buffer to a concentration of ∼10 6 cells/mL.
Atomic Force Microscopy. AFM measurements were performed at room temperature (20°C) in buffered solutions (sodium acetate; pH 4.75), using a Nanoscope IV Multimode AFM (Veeco Metrology Group) and oxidesharpened microfabricated Si 3 N 4 cantilevers (Microlevers, Veeco Metrology Group). Cells were immobilized by mechanical trapping into porous polycarbonate membranes (Millipore), with a pore size similar to the cell size.
After filtering a concentrated cell suspension, the filter was gently rinsed with buffer, carefully cut (1 × 1 cm), and attached to a steel sample puck (Veeco Metrology Group), and the mounted sample was transferred into the AFM liquid cell while avoiding dewetting. The spring constants of the cantilevers were measured using the thermal noise method (Picoforce, Veeco Metrology Group), yielding values ranging from 0.008 to 0.021 N/m. All force measurements were recorded with a loading rate of 10,000 pN/s. AFM tips were functionalized with anti-V5 antibodies (Invitrogen) using PEG-benzaldehyde linkers as described by Ebner et al. (30) . Cantilevers were washed with chloroform and ethanol, placed in a UV ozone cleaner for 30 min, immersed overnight in an ethanolamine solution (3.3 g ethanolamine in 6 mL of DMSO), washed three times with DMSO and two times with ethanol, and dried with N 2 . The ethanolamine-coated cantilevers were immersed for 2 h in a solution prepared by mixing 1 mg acetal-PEG-NHS dissolved in 0.5 mL chloroform with 10 μL triethylamine, washed with chloroform, and dried with N 2 . Cantilevers were further immersed for 5 min in a 0.1% iodine/acetone solution, washed three times in acetone, dried under N 2 , and then covered with a 200-μL droplet of a PBS solution containing anti-V5 (0.2 mg/mL) to which 2 μL of a 1 M NaCNBH 3 solution was added. After 50 min, cantilevers were incubated with 5 μL of a 1-M ethanolamine solution to passivate unreacted aldehyde groups and then washed with and stored in PBS 10 min later. Model surfaces were functionalized with V5 epitopes using the same protocol.
Confocal Microscopy. Aggregation assays were carried out as previously described (16) , with cells activated during a 60-min adhesion assay to BSAcoated beads under shear in the presence of 100 nM thioflavin T (Sigma). Cells were observed at 5-min intervals beginning 90 min after aggregation to mimic the preobservation interval under AFM conditions. The microscope was a Nikon Eclipse 90i confocal microscope with 408 excitation and 450 emission filters. 
